Background: Electric power morcellation during laparoscopic hysterectomy allows some women to undergo minimally invasive surgery but may disrupt underlying occult malignancies and increase the risk of tumor dissemination.
article minimally invasive hysterectomy, however, is that the uterus cannot be removed through the small abdominal incisions that are utilized. Most commonly, the uterus is removed intact through the vagina. Alternatively, the uterus can be fragmented into smaller pieces and removed through the small incisions used for minimally invasive hysterectomy, a procedure known as morcellation.
Use of electromechanical devices, known as electric power morcellators, is a frequently used approach for morcellation. The use of electric power morcellation has come under scrutiny since the recognition that occult uterine malignancies may be present in nine to 100 per 10 000 women who undergo power morcellation (1) (2) (3) (4) . Inadvertent morcellation of uterine malignancies may increase the risk of tumor dissemination and compromise survival (5) (6) (7) (8) .
Despite the potential risks of electric power morcellation, use of power morcellators may allow for removal of the uterus through a minimally invasive surgical approach in women who would otherwise require laparotomy (9, 10) . Compared with laparotomy, minimally invasive hysterectomy is associated with a number of benefits, including decreased perioperative morbidity, less pain, and an earlier return to normal activities (11, 12) . From a societal perspective, eliminating the use of electric power morcellation may increase the rate of laparotomy for hysterectomy and thus also be associated with adverse health consequences for women who require hysterectomy.
Given the uncertainty surrounding the use of electric power morcellation, we developed a computer simulation model of the risks and benefits of the procedure. Specifically, we estimated the morbidity, mortality, quality of life, and cost implications associated with three modalities of hysterectomy in women undergoing uterine removal for presumed benign gynecologic diseases.
Methods

Analytic Framework and Model Structure
Our model is a computer-simulation state-transition Markov model of the risks and benefits of hysterectomy in women age 18 to 65 years (Supplemental Materials, available online). The base-case analysis represents women requiring hysterectomy without a preoperative diagnosis of cancer and compares three modalities of hysterectomy: 1) total abdominal, 2) laparoscopic (either total laparoscopic or laparoscopic-assisted vaginal), or 3) laparoscopic with use of electric power morcellation to facilitate removal of the uterus. As the prevalence of cancer is highly dependent on age, all models were stratified into the following age groups: younger than 40, 40 to 49, 50 to 59, and 60 years and older (4) .
The model structure consisted of three components: perioperative morbidity and mortality, risk of cancer and dissemination, and outcomes of cancer in women with an underlying malignancy. The perioperative phase of the model included complications, resource utilization, readmission, and death within six weeks of surgery. Patients were assumed to have recovered from surgery by six weeks postoperatively.
Although women underwent hysterectomy for presumed benign gynecologic disease, there is an underlying risk of occult malignancy (1,2,4,5,7). Our base-case analysis was predicated on a woman who could have undergone any one of three types of hysterectomy, so we therefore assumed that the underlying risk of cancer was similar for all modalities of hysterectomy. For women with underlying invasive cancer, we assumed that the neoplasms were a mix of epithelial endometrial tumors and uterine sarcomas (4) . For women who underwent either a total abdominal or laparoscopic hysterectomy, we assumed that the uterus was removed intact without tumor disruption. In contrast, among women who underwent laparoscopic hysterectomy with electric power morcellation, patients with an underlying malignancy were at risk for dissemination (7) . Separate estimates were used for the risk of dissemination for endometrial tumors and uterine sarcomas.
The third component of the model included care of patients diagnosed with an invasive cancer. Further therapy, cost, and outcome were based on age and stage at the time of diagnosis (13) . Patients with tumor dissemination due to electric power morcellation were classified as stage IV (metastatic) tumors. Separate estimates were developed for epithelial endometrial tumors and uterine sarcomas. Women with smooth muscle tumors of indeterminate behavior, neoplasms with worrisome histologic features but that do not meet the criteria for classification as sarcomas, are also at risk for recurrence (14) . At the time of recurrence, most women require repeat surgical exploration and resection. These tumors may recur as either smooth muscle tumors of uncertain malignant potential or sarcomas. Women with tumors that recur as a sarcoma were assumed to have metastatic disease and classified as stage IV sarcomas (13) .
Modeling Approach and Parameter Estimates
Clinical, epidemiologic, and oncologic data were drawn from available literature and cancer registry data. Complications analyzed included intraoperative injuries, perioperative complications, and resource utilization (transfusion, readmission, length of stay, and return to work), as defined in a recent Cochrane review of hysterectomy for benign gynecologic diseases (11, 12, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . As studies specifically evaluating the morbidity associated with laparoscopic hysterectomy with electric power morcellation are lacking, we assumed that morbidity was similar to those of women who underwent laparoscopic hysterectomy. We utilized data from large observational studies and registries to estimate the risk of perioperative death for each modality of hysterectomy (35) (36) (37) (38) (39) (40) (41) .
Estimates of cancer incidence, age-specific stage distributions, and stage and age-specific survival are derived from the Surveillance, Epidemiology, and End Results (SEER) database (13) . For women who underwent laparoscopic hysterectomy with electric power morcellation, we assumed a risk of tumor dissemination for patients with occult stage I-III neoplasms. The risk of clinically significant tumor dissemination was estimated as 20.0% for patients with epithelial endometrial tumors and 28.6% for women with uterine sarcomas (7). Survival was calculated at yearly intervals until year 5 after diagnosis.
For women with smooth muscle tumors of indeterminate potential, we estimated a recurrence rate of 7.3%, with 33.3% recurring as sarcomas and 66.7% as tumors of uncertain malignant potential (14) . Age-and stage-specific survival estimates for women with sarcomas were derived as described above. All patients who recurred with tumors of indeterminate potential were assumed to have survived.
Cost-Effectiveness Analysis
We estimated costs, changes in life-years, and changes in quality-adjusted life-years (QALYs). Quality-of-life weights (utilities) were applied to postsurgery health states and cancer outcomes article based upon the available literature (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) . The base cost of each type of hysterectomy and the cost of perioperative complications were estimated from published reports (Supplementary  Tables, available online) . Stage-specific costs of cancer care are estimated as incremental costs compared with age-matched subjects without cancer. The cost of cancer care was analyzed based on the phases-of-care model (first year after diagnosis, continuing care, and last year of life), as previously reported (52) (53) (54) . All costs and effectiveness were discounted by 3% annually and reported in 2013 US dollars (55).
Compared with abdominal hysterectomy, we projected the difference in cost, change in life-years, change in QALYs, and incremental cost-effectiveness ratios (ICERs) for laparoscopic hysterectomy with electric power morcellation. We report outcomes per 10 000 women. All analyses were from a societal perspective that incorporates healthcare costs and loss of labor costs.
Sensitivity Analyses
Probabilistic sensitivity analyses were used to simultaneously sample from multiple parameter estimates in order to assess the uncertainty around our base case assumptions. We performed 1000 simulations and reported the mean and 95% confidence intervals and interquartile ranges for ICERs.
In addition, we conducted a series of scenario analyses in which underlying assumptions of the risk and behavior of the occult malignancy were varied. First, we developed a simulation in which the risk of malignancy was reduced by 25%, and, alternatively, increased by 25% for each age group. A second scenario analysis varied the risk of tumor dissemination. We estimated outcomes if the risk of dissemination was increased to 40% in women with endometrial tumors and 60% for uterine sarcomas. We then changed the risk of dissemination to 10% for both tumor types. A third analysis was undertaken, in which we assumed that 75% of the tumors were sarcomas and 25% were epithelial endometrial tumors.
Results
Across all scenarios modeled, laparoscopic hysterectomy was the least costly and most effective modality of hysterectomy (Table 1) . Per 10 000 women, compared with laparoscopic hysterectomy, laparoscopic hysterectomy with morcellation was more costly, associated with decreased quality of life, and lower overall life-years. Similarly, laparoscopic hysterectomy was more favorable than total abdominal hysterectomy for all parameters.
As laparoscopic hysterectomy is often not technically feasible, further comparisons were made between abdominal hysterectomy and laparoscopic hysterectomy with morcellation. Per 10 000 women, laparoscopic hysterectomy with morcellation was associated with 80.83 (95% confidence interval [CI] = 21.35 to 138.03) more intraoperative complications, 199.64 (95% CI = -301.70 to -107.52) fewer perioperative complications, and 241.80 (95% CI = -257.50 to -227.25) fewer readmissions than abdominal hysterectomy. Figure 1 displays estimates of mortality and the risk of disseminated cancer for each type of hysterectomy, stratified by age.
Per 10 000 women younger than age 40 years, laparoscopic hysterectomy with morcellation was associated with 1.57 more cases of disseminated cancer and 0.94 more cancer-associated deaths, but 0.97 fewer overall deaths than abdominal hysterectomy ( Table 2 ). The excess cases of disseminated cancer per 10 000 women with morcellation increased to 3.75 in women age 40 to 
Sensitivity Analyses
If the prevalence of cancer was increased by 25% for each age group, the mortality trends remained similar to the base case model. However, if the prevalence of cancer was reduced by 25%, in the age 40 to 49 years cohort, laparoscopic hysterectomy with morcellation became the more favorable modality with 0.05 fewer deaths per 10 000 women. Similarly, if the rate of tumor dissemination was increased, the mortality trends were similar to the base case analysis; however, if the risk of tumor dissemination was only 10% in those that underwent morcellation, laparoscopic hysterectomy with morcellation becomes a more favorable strategy in women age 40 to 49 years (0.51 fewer deaths per 10 000 women than abdominal hysterectomy). In a scenario analysis in which it was assumed that 75% of occult tumors were sarcomas, laparoscopic hysterectomy with morcellation remained more favorable than abdominal hysterectomy in women younger than age 40 years (-0.93 deaths per 10 000 compared with abdominal hysterectomy), while abdominal hysterectomy was associated with fewer deaths in the other three age strata.
Cost-Effectiveness
For the base case scenarios, use of laparoscopic hysterectomy with morcellation was less costly than abdominal hysterectomy for all age strata ( Figure 2 displays the cost-effectiveness plane (cost vs life-years) for laparoscopic hysterectomy with morcellation from 1000 Monte Carlo simulations. When quality of life is included, laparoscopic hysterectomy with morcellation became a more favorable strategy for women age 40 to 49 years. For 10 000 women age 40 to 49 years, laparoscopic hysterectomy with morcellation was associated with an improvement of 11.22 quality-adjusted life-years compared with abdominal hysterectomy. Figure 3 displays the cost-effectiveness plane (cost vs quality-adjusted life-years) for laparoscopic hysterectomy with morcellation from 1000 Monte Carlo simulations.
Cost-Effectiveness Sensitivity Analyses
In a series of sensitivity analyses, the findings were largely unchanged. A higher prevalence of cancer resulted in similar rankings. However, if the prevalence of cancer was reduced by 25%, morcellation was associated with an incremental increase of 1.00 life-year per 10 000 women and became a favorable strategy.
If the rate of tumor dissemination was higher, laparoscopic hysterectomy with morcellation remained the most effective strategy for women younger than age 40 years. In this scenario, morcellation was favored from a QALY perspective, but was associated with an incremental decrease of 6.66 life-years per 10 000 women in those age 40 to 49 years (Table 3) . If the rate Downloaded from https://academic.oup.com/jnci/article-abstract/107/11/djv251/2457694/Economic-and-Survival-Implications-of-Use-of by guest on 07 October 2017 article of tumor dissemination was lower, laparoscopic hysterectomy with morcellation in women age 50 to 59 years was associated with 3.83 greater QALYs but 7.16 fewer overall life-years per 10 000 women (Table 3) . This was the only potential scenario in which the benefits of morcellation outweighed the risk for women older than age 50 years. If a higher percentage of neoplasms were sarcomas, the rankings mirrored the base case scenario.
Discussion
Laparoscopic hysterectomy without morcellation is the most beneficial approach for hysterectomy among the three modalities studied. For those women who cannot undergo laparoscopic hysterectomy without morcellation, our findings suggest that the risks and benefits of electric power morcellation for hysterectomy are highly dependent upon age. In women younger than age 40 years, electric power morcellation is associated with greater quality-adjusted life-years and overall life-years compared with abdominal hysterectomy. However, the magnitude of benefit in this age group was relatively small. In contrast, for older women, the risk of electric power morcellation greatly outweighs the benefits of the procedure.
The prevalence of underlying malignancy in women who undergo hysterectomy with electric power morcellation has been the subject of controversy (1-4) . A quantitative assessment by the US Food and Drug Administration (FDA) of women who underwent hysterectomy for fibroids suggested that the prevalence of unsuspected uterine sarcomas was one in 352, while population-based data reported underlying malignancies in one in 368 women after electric power morcellation (3, 4) . In contrast, other studies have claimed that the prevalence of uterine sarcomas is much lower (56) . The controversy stems from a multitude of factors, including differences in the populations studied, the difficulty of identifying use of electric power morcellators from medical records, and imprecise coding of pathologic outcomes. We utilized an overall baseline risk of cancer of 0.27% and report age-specific outcomes as well as results from a number of simulations based on higher and lower rates of malignancy.
While much of the controversy surrounding electric power morcellation has focused on uterine sarcomas, women are also at risk for unsuspected endometrial cancers, which are * Prevalence of cancer increased by 25%. CI = confidence interval; ICER = incremental cost-effectiveness ratio; IQR = interquartile range; QALY = quality-adjusted life-year. † Prevalence of cancer reduced by 25%. ‡ Risk of dissemination assumed to be 40% in women with endometrial tumors and 60% in women with sarcomas. § Risk of dissemination assumed to be 10% in women with either endometrial tumor or uterine sarcomas. ‖ Risk of underlying tumors assumed to be sarcomas in 75% and endometrial tumors in 25%.
article much more common than uterine sarcomas (5) . In one report, endometrial hyperplasia, a precursor to epithelial endometrial cancer, was common (1 in 99), perhaps suggesting that many of the morcellated cancers are in fact endometrial cancers and not uterine sarcomas (4) . Compared with uterine sarcomas, the prognosis for these endometrial tumors is more favorable. While article we modeled a range of histologic distributions, our findings remained largely unchanged when the distributions of sarcomas and endometrial cancers were varied. The most important risk of morcellation is tumor dissemination of an occult malignancy. In a series of women with presumed stage I leiomyosarcoma who underwent immediate re-exploration after morcellation, 29% had disseminated intraperitoneal disease (7) . A second series noted dissemination of leiomyosarcoma in 57% of patients (2) . Importantly, even women diagnosed with smooth muscle tumors of unknown significance are also at risk for tumor dissemination and recurrence (2, 7) . To date, the risk of dissemination of morcellated endometrial tumors remains poorly defined (5). Our assumptions of the risk of dissemination are based on reported case series, and we also performed a variety of sensitivity analyses modeling varying risks of dissemination.
In our models, laparoscopic hysterectomy without morcellation was the most beneficial approach to hysterectomy under a wide variety of scenarios. While electric power morcellation was initially introduced to facilitate minimally invasive hysterectomy in women who would otherwise require laparotomy, concern has been raised that power morcellation is being utilized in women who could undergo a minimally invasive procedure without the devices. These data reinforce that electric power morcellation should not be performed in women who could undergo minimally invasive surgery without use of the devices.
We recognize a number of limitations in our projections. First, the risk of unrecognized cancer is relatively low and prospective trials to define cancer risks, as well as the risk of perioperative complications in women who undergo morcellation, are lacking. Our risk estimates are based on population-level prevalence estimates in women who underwent electric power morcellation. While we performed a number of sensitivity analyses incorporating other reported estimates, our estimates may underestimate the true risk of cancer in some subgroups. Second, data describing the outcomes of women with endometrial tumors who undergo morcellation are limited and we thus report a range of sensitivity analyses. Because data describing the characteristics of women with cancers who have undergone morcellation are limited, we are unable to further stratify our models for other important factors such as race and uterine size. Similarly, it is difficult to adjust for surgeon preferences and unmeasured factors that may have impacted route of surgery. Lastly, many women who undergo minimally invasive hysterectomy now undergo a robotic-assisted procedure. Our estimates are based on the performance of laparoscopic hysterectomy. Prior studies have consistently shown that robotic hysterectomy is substantially more costly than laparoscopic hysterectomy, which would likely have altered our cost estimates (57) .
The controversy surrounding the use of electric power morcellators for gynecologic surgery demonstrates the challenges associated with surgical innovation. Electric power morcellators were developed more than two decades ago and diffused into clinical practice with minimal data supporting either safety or efficacy. A highly publicized case of one patient with a uterine sarcoma who underwent electric power morcellation led to intense public scrutiny (58) . This heightened awareness stimulated position statements from professional societies and changes in hospital policies, as well as reports describing widely varying estimates of the risk of cancer associated with morcellation (56) . The FDA's process for device regulation, 510(k), has also been criticized for lack of oversight for new surgical devices (59) . The controversy around electric power morcellation clearly demonstrates the need for better data and heightened regulation before new surgical devices are allowed to diffuse into widespread practice.
Despite these potential limitations of our study, these findings provide important data to inform policy and clinical decision-making. Notably, our findings are in accord with a recent FDA advisory statement that warned against use of electric power morcellators in peri-and postmenopausal women (60) . Regardless of the surgical approach chosen, efforts to detect occult malignancy should precede intervention. Surgical technique should be individualized, and all patients should be thoroughly counseled regarding the risk of electric power morcellation. As women age, the risk of underlying occult malignancy rises, increasing the risks associated with electric power morcellation. For many women, this risk will outweigh the benefits of minimally invasive surgery and the procedure should be used with caution.
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